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The microstructure of aluminum-base alloys consists of icosahedral 
or amorphous particles 3 to 10 nm in size distributed in the face 
centered Al-rich matrix. These particles are considered to cause 
high mechanical strength. Structural changes due to the deformation 
were detected for some Al-base alloys by small-angle X-ray 
scattering, even after very weak plastic deformation. An increase in 
the scattering intensities parallel to the uniaxial tensile stress was 
detected for scattering vectors near 0.02 Å-1, and can be attributed 
to the increase in the structure factor for the correlation between 
particles. This indicates that the degree of particle ordering is 
increased in the direction of the uniaxial tension with the motion of 
dislocations under tensile stress. 
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1. Introduction 
Aluminum-base alloy ribbons with excellent mechanical strengths 
have been developed by Inoue et al. (1984) using rapid 
solidification. In an Al94V4Fe2 (numbers indicate at.%), a 
nonequilibrium structure consisting of nanoscale amorphous 
particles embedded in the face centered cubic (fcc) Al-rich matrix 
was formed by melt spinning, and a high tensile strength of 1390 
MPa is reached, presumably owing to the nanoscaled microstructure 
(Inoue et al., 1996). 
 A similar microstructure was also formed in Al92V3Fe3Zr2 
rapidly solidified by single-roller melt-spinning. The structural 
change was examined as a function of circumferential velocity (Vc) 
of the roller using small-angle X-ray scattering (SAXS) (Kamiyama 
et al., 2001). The deformed patterns elongated parallel to the 
direction of the ribbons can be attributed to rows of nearly spherical 
particles into which elongated particles have disintegrated by the 
shear flow caused in a thin layer of fluid near the solid-liquid 
boundary during melt spinning. All the precipitates exceeding the 
Taylor break-up size are ruptured by the shear (Taylor, 1932), and 
the sizes of the particles in Al92V3Fe3Zr2 are reduced with 
increasing shear rate, that is, circumferential velocity of the roller. 
X-ray diffraction measurement showed that weak reflection peaks 
corresponding to the icosahedral phase for Al92V3Fe3Zr2 ribbons 
detected in addition to the intense peaks from the fcc Al-rich phase. 
The weak reflection peaks were changed to a broad peak of an 
amorphous phase with increasing Vc from 20 m/s to 30 m/s or 
higher. These experimental results show that two-phase composites 
also consisting of nanoscale amorphous particles embedded in the 
fcc Al-rich matrix are formed for the Al92V3Fe3Zr2 ribbons 
prepared by single-roller melt-spinning with Vc values higher than  
30 m/s (Kamiyama et al., 2001). 
 In such a two-phase composite, the mechanical properties are 
correlated with structural parameters such as average particle 
spacing to which the Orowan stress to pass a dislocation through an 
array of the impeding particles is inversely proportional. The yield 
strength of polycrystalline materials varies with the particle size 
following the Hall-Petch relation. Small-angle X-ray scattering 
techniques have been used for making structural characterization of 
materials for length scales between 1 and 100 nm. A SAXS 
measurement using a point-collimated instrument with an area 
detector leads to a direct detection of deformed scattering intensity 
and is expected to permit the detection of structural change 
accompanying deformation, even slight deformation. Therefore, the 
SAXS detection of changes in structural parameters such as particle 
size and spacing in response to tensile stress is expected to lead to a 
clarification of deformation mechanisms of the microstructure in the 
Al-base ribbons. 
 In the present work, we report on SAXS measurements for the 
Al-base ribbons  stretched to amounts immediately below the 
fracture occurred and studied the changes in the nano-structure in 
response to the tensile stress, in order to investigate the role of the 
nano-structure in strengthening the Al-base ribbon. 
 
 
2. Materials and experiments  
A ternary Al-V-Fe and a quaternary Al-V-Fe-Zr alloy containing V 
and Fe as solute elements was prepared for the present study, along 
with an Al-Cr-Ce-Co alloy. Rapidly solidified Al92V3Fe3Zr2 
ribbons were prepared by a single roller melt-spinning with 
circumference velocities (Vc) of 10, 20, 30, 40 and 50 m/s and 
ribbons with compositions of Al94V4Fe2 and Al94.5Cr3Ce1Co1.5 
were prepared at Vc of 40 m/s, with widths between 0.34 and 1.05 
mm and about 20 µm thick. Compositions are nominally expressed 
in atomic percent. The details of their preparation procedures and 
characteristic features have been described elsewhere (e.g. Inoue et 
al., 1994). 
 One piece of the ribbon was cut into two specimens for 
comparative X-ray detection; one was measured as an as-prepared 
specimen and the other was measured after stretched in the 
direction of the ribbons by around 2%, immediately before the 
fracture occurred, using an Instron-type testing machine at a strain 
rate of 8.3 × 10-4 s-1 at room temperature. Generally, the measured 
values of tensile fracture strengths are spread mainly owing to the 
irregularities of attaching the very thin ribbons to the chuck of the 
testing machine. The specimen ribbons were stretched for SAXS 
specimens to amounts within the range where the measured fracture 
strengths spread. For example, nominal amounts of strain for the 
Al92V3Fe3Zr2 ribbons prepared with circumference velocities 40 
and 50 m/s were 2.41% and 1.69%, respectively. A little amounts 
of plastic deformation are noticed in stress-strain curves for these 
Al-base ribbons. 
 The overall features of pinhole SAXS instrument utilized in 
this study were described previously (Kamiyama et al., 2000, 
2001). The ribbon specimen was irradiated with monochromatized 
beam collimated using two pinhole apertures (0.5 × 0.5 mm and 0.3 
× 0.3 mm) separated by 800 mm, and the scattered radiation was 
recorded as two-dimensional data (used pixel size 0.3 × 0.3 mm) on 
the imaging plate. This instrument can give an effective q range of 
about 0.007 < q < 3.5 Å-1 for the same instrumental geometry, 
where the modulus of scattering vector q is given by q = 4pisinθ/λ 
(λ is the wave length of the incident radiation and 2θ is the 
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scattering angle). The resolution of the apparatus for Cu-Kα 
radiation is ∆q ≅ 0.005 Å-1 (full width at half-maximum). It should 
be emphasized in the measurements of this type that correction for 
background from noises originating from the read-out system of the 
imaging plate is quite important. A region shielded from the 
scattered X-rays was prepared on the imaging plate and the 
corrections were made by subtracting the intensity recorded in this 
region from the scattering intensity in the region irradiated with 
scattered X-rays. Noise of this type was eliminated to a great extent 
by this subtraction. 
 SAXS data collected on the pinhole instrument at room 
temperature using Cu-Kα radiation were corrected only for 
background and the sample absorption. SAXS specimens in this 
measurement consist of one sheet of ribbon with the width being in 
the range from 0.34 mm to 1.05 mm, while a beam spot at the 
sample position is 0.6 mm in diameter which is larger than the 
widths of a few kinds of ribbons. However, the identical size (width 
and thickness) of the stretched ribbons to that of the as-prepared 
and the identical SAXS measurement conditions, including the 
irradiated position of sample, enable comparative SAXS 
measurements described in relative units only for as-prepared and 
stretched ribbons. In this study, simultaneous recordings were 
performed for small-angle and wide-angle scattering measurements 
using two different sheets of imaging plate, by boring a hole of 14 
mm in diameter through the imaging plate for wide-angle scattering 
measurement. 
 
 
3. Data manipulation and analysis 
Data analysis of the SAXS patterns for the stretched Al-base 
ribbons were performed to determine the structural change from 
those of the as-prepared ribbons. Therefore, prior to making data 
analysis for the stretched ribbons, some features of the SAXS 
patterns are described as follows for the as-prepared ribbons (not 
stretched, Kamiyama et al., 2001). Isotropic SAXS patterns 
observed for the Al92V3Fe3Zr2 ribbon prepared at roller 
circumferential velocities Vc of 10 m/s are changed to distorted ones 
for the Al92V3Fe3Zr2 ribbons prepared at Vc higher than 20 m/s. 
The distorted isointensity curves are oriented along the direction of 
ribbons in the low q region below q ≈ 0.03 Å-1, and they become 
isotropic in the q region higher than about 0.03 Å-1. An increase in 
the Vc value from 30 to 50 m/s gives rise to the development of well 
defined maxima in the SAXS patterns and causes a shift in the peak 
positions toward larger q. 
 Structural changes due to the deformation were not detected 
for the Al94.5Cr3Ce1Co1.5 ribbon and the Al92V3Fe3Zr2 ribbon 
prepared at roller circumferential velocities Vc of 10 m/s which give 
rise to isotropic SAXS patterns. For the Al94V4Fe2 ribbon 
prepared at 40 m/s and the Al92V3Fe3Zr2 ribbons prepared at Vc 
higher than 30 m/s, the SAXS pattern of the Al94V4Fe2 ribbon is 
also anisotropic and very similar to that of the as-prepared 
Al92V3Fe3Zr2 ribbon prepared at 30 m/s, the scattering intensities 
are obviously increased in the q region lower than about 0.03 Å-1 in 
response to the uniaxial tensile stress, although distinct difference 
in the shape of isointensitiy contour maps between the melt-spun 
and stretched Al-base ribbons was not detected as illustrated in           
Fig. 1 for the Al92V3Fe3Zr2 ribbon prepared at a circumference 
velocity of  50 m/s. 
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Figure 1 
Two-dimensional scattering patterns in the form of an isointensity contour map 
for Al92V3Fe3Zr2 ribbons prepared at a circumferential velocity 50 m/s  
before (a) and after (b) stretching. The direction of the ribbon is horizontal. 
 
 Two kinds of scattering intensities were obtained in order to 
examine the anisotropic two-dimensional SAXS patterns 
quantitatively. One is obtained by averaging radially from the beam 
center over two sectors with a central angle of 30° in the direction 
of the ribbon and the other perpendicular to that of the ribbon. 
Here, we designate the direction of the ribbon as X-direction and 
that perpendicular to it as Y-direction. Some examples of the 
scattering intensities are demonstrated for the Al94V4Fe2 ribbon in 
Fig. 2 and for Al92V3Fe3Zr2 ribbon in Fig.3, respectively, together 
with circularly averaged data. 
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Figure 2 
The sector-averaged scattering intensities for as-prepared and stretched 
Al94V4Fe2 ribbons prepared at a circumferential velocity of 40 m/s, together 
with circularly averaged intensity. A group of higher intensities corresponds to 
stretched specimen and that of lower ones corresponds to as-prepared one.  
 
   
        Transmission electron micrographs for the Al94V4Fe2 ribbon 
shown in Fig.4 and for the Al92V3Fe3Zr2 alloy  (Kamiyama et al., 
2001) demonstrate that the microstructure consists of precipitates of 
approximately spherical particles with nano-meter scale which are 
dispersed in nearly close contact with each other. Therefore, the 
effect of interparticle interference must be taken into account for the 
interpretation of the maxima or shoulder in the anisotropic 
scattering intensities. This leads to the interpretation of the 
scattering intensities for the Al-base alloys in terms of an equation 
 
 I(q) = nP(q)S(q), (1) 
 
which holds in the system which contains a monodisperse 
population of spherical scatterers, where n is the number density of 
spheres, P(q) is the particle form factor and S(q) is the structure 
factor for the correlation between particles. The scattering intensity 
in the larger q range where the lines of equal intensity are radially 
symmetric can be attributed largely the form factor P(q), because 
the form factor reflects the shape of the particle and the distribution 
of atomic species within it. This consideration enables us to 
attribute the distorted patterns and the maxima to the structure 
factor S(q). 
 As exemplified by comparison of SAXS patterns for 
Al92V3Fe3Zr2 ribbons plotted in Fig. 3, the isotropic parts of the 
SAXS patterns above 0.04 Å-1 are not changed significantly 
following the deformation. As the isotropic parts of the scattering 
intensities can be attributed predominantly to the particle form   
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Figure 3 
The sector-averaged scattering intensities for the as-prepared (a) and deformed 
(b) Al92V3Fe3Zr2 ribbons prepared at a circumferential velocity of 50 m/s, 
together with circularly averaged intensity. Solid lines represent the fitted 
curves of the Guinier function (4) to the circularly averaged SAXS intensities 
intensities from the deformed and as-prepared ribbons over the range 0.038 < q 
< 0.060 Å-1 where the SAXS patterns are isotropic.  
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Figure 4 
Bright-field electron micrographs of rapidly solidified Al94V4Fe2 alloys before 
the tensile test (a) and after (c), and selected-area electron diffraction patterns of 
the alloys before the tensile test (b) and after (d), presented by Kimura (Kimura, 
1999). The bright-field images show the existence of two kinds of constituent 
phases, and one phase embedded in the matrix phase is considered as particles 
which is nearly spherically symmetric in shape, at least not too elongated for 
equation (1) to hold. 
 
factor P(q), nP(q) in equation (1) is considered not to change by the 
uniaxial tensile stress. 
 The particle form factor P(q) may be described by that of a 
sphere of diameter, 
 P(q) ≈ [3{sin( qs/2) – (qs/2)cos( qs/2)}/(qs/2)3]2 (2) 
 
from the electron micrographs of the Al94V4Fe2 and 
Al92V3Fe3Zr2 ribbons described above. The scattering function (2) 
begins to vibrate in the q-region where qs/2 ~ 2pi owing to 
considering the monodisperse system, and the scattering from the 
polydisperse system given by 
 
0
( ) = ( ) ( ) d ,P´ q P q f σ σ
∞
∫
                     (3) 
where f(s) is the distribution function of particles of diameter s, 
should be taken into account. Equation (1) is presumed to hold 
approximately for the polydisperse system by replacing P(q) by 
P'(q) in equation, and nP'(q) can be calculated, for example, using 
the Schulz distribution according to Griffith et al. (1987). However, 
several parameters which characterize the polydisperse system and 
are calculated so as to fit the intensity in the isotropic q region lead 
to no unique extrapolation of the SAXS pattern to the lower-q 
region. 
 Instead of equation (2), we attempted to fit the scattering 
intensities to the Guinier function 
  P(q) = const·exp(–q2Rg2/3), (4) 
which  includes  only  one  structural  parameter  Rg,  the  radius  of 
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Figure 5 
The structure factor S(q) for the correlation between particles calculated using 
equation (1) from the SAXS intensities and the fitted curve nP(q) extrapolated 
to the lower q-region where anisotropic SAXS patterns are observed, for the as-
prepared and stretched Al92V3Fe3Zr2 ribbons prepared at Vc of 50 m/s.  
 
gyration of the particle,  to the SAXS intensities and can be applied 
to the smaller-q region of the isotropic scattering intensities 
(Guinier & Fournet, 1955), expecting to recover the vibrating part 
of equation (2) approximately in the vicinity but outside of the 
Guinier region. In the present case, the Guinier function suffices to 
give a unique intensity extrapolated from the isotropic region, in 
order to evaluate the structure factor S(q). Solid lines in Fig. 3 
represents the fitted curves of the Guinier function (4) to the 
circularly averaged SAXS intensities for the deformed and as-
prepared Al92V3Fe3Zr2 ribbons respectively, prepared at Vc of 50 
m/s over the range 0.038 < q < 0.060 Å-1 where the SAXS patterns 
are isotropic. The evaluated Rg values change from 52.1 ± 1.4 Å to 
55.5 ± 1.4 Å accompanying with the deformation for the 
Al92V3Fe3Zr2 ribbon prepared at Vc of 50 m/s, and the changes 
from 60.9 ± 1.7 Å to 61.0 ± 1.7 Å were evaluated for the ribbon 
prepared at 40 m/s. For Al94V4Fe2 ribbon, too sharp rises in the 
scattering intensities shown in Fig. 2 lead to difficulties in fitting 
the Guinier function (4) to the scattering intensities in the isotropic 
q region, and the fitting was not performed. 
 The structure factor S(q) for the correlation between particles 
can be calculated using equation (1) from the SAXS intensifies and 
the fitted curve nP(q) extrapolated to the lower q-region where 
anisotropic SAXS patterns are observed. Calculated S(q) values are 
plotted for the as-prepared and stretched Al92V3Fe3Zr2 ribbons 
prepared at Vc of 40 and 50 m/s in Fig. 5. These curves demonstrate 
that the tensile stress gives rise to an increase by about 9 percent for 
the Al92V3Fe3Zr2 ribbons prepared at Vc of 50 in the height of the 
structure factor S(q) in the direction of the ribbon or of the uniaxial 
tension, while its q-dependence is not clearly changed. Similarly, an 
conference papers
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increase by about 7 percent in S(q) was estimated for the ribbon 
prepared at 40 m/s. On the other hand, the structure factor in the 
direction perpendicular to that of the ribbon is almost unchanged 
both in height and shape by applying the uniaxial tension. 
 The presence of the maxima in I(q) is caused by interparticle 
interference effects and shows that the particles are not arranged at 
random but have a considerable degree of ordering especially along 
the direction of ribbon. And the development of the maxima under 
uniaxial tension indicates the presence of a stressed particle 
ordering. The movement of the maxima due to the uniaxial tension 
is not clearly observed, so the mean separation distance between 
particles is unchanged. 
 
 
4. Discussion 
 The SAXS measurements demonstrated that the tensile stress 
gives rise to no significant change in the size of precipitated 
particles. This result had been obtained by comparing the electron 
micrographs from the Al94V4Fe2 ribbons before and after the 
tensile test by Kimura (1999). At least, breakup of particles into 
small pieces was not observed in the electron micrographs. 
Accordingly, the precipitated particles are not broken nor deformed 
significantly accompanying the deformation of the Al-base nano-
structure alloys, because the radius of gyration would increase if the 
spherical particles were elongated by the tensile stress, e.g., along 
the (111) plane. 
 The deformation of fcc-Al crystal proceeds accompanying the 
motion of dislocation. As the precipitates are not fractured during 
the deformation, an external stress corresponding to the Orowan 
stress must be applied to pass dislocations through an array of the 
particles against the hindrance due to the elastic interactions 
between the particles and dislocation for the deformation to 
proceed. One can expect from the SAXS result that the particles 
move slightly so that the degree of particle ordering is increased 
accompanying the motion of dislocations under tensile stress. 
Conversely speaking, the precipitating particles arranged with a less 
degree of ordering can be considered to act as obstacles impeding 
the motion of dislocation and play a some role in strengthening the 
Al-base ribbons. 
 
 
5. Conclusions 
 In spite of weak plastic deformation, the changes in the small-
angle X-ray scattering patterns due to the deformation were 
detected for the Al-base ribbons which give deformed scattering 
patterns, Al92V3Fe3Zr2 prepared at Vc of 40 and 50 m/s and 
Al94V4Fe2 at Vc of 40 m/s, using a point-collimated instrument 
with an area detector. and an increase in the scattering intensities in 
the direction of tensile stress is obviously detected in the low q 
region less than around 0.03 Å-1 in response to the uniaxial tensile 
stress, while the SAXS patterns in the isotropic region above               
0.04 Å-1 are not changed significantly. On the other hand, any 
structural change owing to the deformation could not be detected at 
least in detectable q-range for the Al-base ribbons which give rise 
to isotropic scattering patterns.  
 Data analysis for Al92V3Fe3Zr2 ribbons prepared at Vc of 40 
and 50 m/s leads to the results that the breakup of particles into  
small pieces does not occur under the tensile stress and that the 
increase in the scattering intensities can be attributed to that of S(q) 
values in the direction of the uniaxial tension using the  
extrapolation of the Guinier function for nP(q) in equation (1). The 
increase in S(q) values indicates that the degree of particle ordering 
is increased in the direction of the uniaxial tension under tensile 
stress, probably accompanying the motion of dislocations. 
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